ABSTRACT: Charge transfer processes with semiconductor quantum dots (QDs) have generated much interest for potential utility in energy conversion. Such configurations are generally nonbiological; however, recent studies have shown that a redox-active ruthenium(II)−phenanthroline complex (Ru 2+ -phen) is particularly efficient at quenching the photoluminescence (PL) of QDs, and this mechanism demonstrates good potential for application as a generalized biosensing detection modality since it is aqueous compatible. Multiple possibilities for charge transfer and/or energy transfer mechanisms exist within this type of assembly, and there is currently a limited understanding of the underlying photophysical processes in such biocomposite systems where nanomaterials are directly interfaced with biomolecules such as proteins. Here, we utilize redox reactions, steady-state absorption, PL spectroscopy, time-resolved PL spectroscopy, and femtosecond transient absorption spectroscopy (FSTA) to investigate PL quenching in biological assemblies of CdSe/ZnS QDs formed with peptide-linked Ru 2+ -phen. The results reveal that QD quenching requires the Ru 2+ oxidation state and is not consistent with Forster resonance energy transfer, strongly supporting a charge transfer mechanism. Further, two colors of CdSe/ZnS core/shell QDs with similar macroscopic optical properties were found to have very different rates of charge transfer quenching, by Ru 2+ -phen with the key difference between them appearing to be the thickness of their ZnS outer shell. The effect of shell thickness was found to be larger than the effect of increasing distance between the QD and Ru 2+ -phen when using peptides of increasing persistence length. FSTA and timeresolved upconversion PL results further show that exciton quenching is a rather slow process consistent with other QD conjugate materials that undergo hole transfer. An improved understanding of the QD−Ru 2+ -phen system can allow for the design of more sophisticated charge-transfer-based biosensors using QD platforms.
INTRODUCTION
Interest in exploiting nanocrystalline semiconductor quantum dots (QDs) for a wide variety of disparate applications continues to grow nearly unabated. 1−3 This interest arises primarily from the unique photophysical properties of QDs: high quantum yields; good photostability and resistance to chemical degradation; large one-and two-photon absorption coefficients across a broad range of wavelengths; and narrow photoluminescence (PL) that can be tuned as a function of both semiconductor material and core size. 4, 5 These properties have already found extensive use in optoelectronic research, such as for solar energy conversion, 6 and as biological probes for imaging or sensing. 7, 8 Considering the latter, QDs have been shown to be particularly useful for designing a variety of active biosensing assemblies that rely on changes in energy transfer rates as the mechanism of signal transduction. 8−11 The most prominent and successful of these configurations are based on Forster resonance energy transfer (FRET). 9−11 Here, the QD is paired with a suitable donor (D) or acceptor (A), and the proximity needed for FRET is achieved through a biomolecular linkage such as a protein, peptide, or oligonucleotide. Transduction of biological processes such as binding events or enzyme-catalyzed hydrolysis exploits D−A association or dissociation as mediated by the responsive biomolecular linkage located between the D and A. The process of FRET with QDs is sufficiently understood that on/off sensing schemes can be designed for many biological processes or analytes of interest. 8 As a consequence, other QD energy transfer mechanisms are only partially characterized and remain underutilized, although they may also have much to offer for biosensing. 7, 8, 11 In contrast to many organic fluorophores, QDs have significant surface area and, due to their reversible redox properties, are very sensitive to charge transfer processes with surface adsorbates. 12, 13 Recent research has focused on harnessing charge transfer quenching of QDs for biosensing in a capacity similar to FRET. 14−21 Charge transfer is thought to offer several advantages over FRET: a putative exponential dependence on D−A separation (cf. inverse sixth power for FRET); 22 no requirement for underlying spectral overlap; 22 and potentially greater sensitivity to the medium between D and A. Consequently, the charge transfer interactions between QDs and a variety of redox-active molecules, such as catechols, are being actively studied in different biosensing formats. 15,16,23−26 Redox-active metal complexes are also particularly promising as charge transfer partners for QDs as they display many attributes that can benefit this role: wellunderstood redox properties that are extensively documented in the literature, including tuning of those properties through coordinating ligands, and established synthetic chemistry that uses commercially available precursors, offers high yields, and can include appended reactive chemical "handles" for labeling biomolecules. 27 Although various complexes of iridium, rhenium, osmium, and iron are commonly used in such roles, it is a ruthenium(II)−phenanthroline (Ru 2+ -phen; see Figure  1D ) that has thus far found extensive use as a charge transfer quencher for QDs in biosensing applications. 15, 28 To develop charge-transfer-based QD biosensors, the Benson group began by site-specifically labeling intestinal fatty acid binding protein, maltose-binding protein, a designer Pb 2+ -binding protein, and a thrombin-binding DNA aptamer with Ru 2+ -phen. These labeled proteins were then conjugated to QDs, and extensive experimental investigation with appropriate target molecules demonstrated that they could be effective charge transfer sensors for fatty acids, maltose, lead, and thrombin, respectively. 17−21 Within these composite Ru 2+ -phen−QD assemblies, it was postulated that concentrationdependent analyte binding in the sensor complex induced structural rearrangements that altered the Ru 2+ -phen position relative to the QD or, in the special case of the fatty acid binding protein, changes in the solvation environment. In turn, these effects resulted in a change in the rate of charge transfer between the QD and Ru 2+ -phen and thus the QD PL intensity.
Similarly, initial work from our group has demonstrated that the rate of charge transfer quenching of QD PL depends on the number of Ru 2+ -phen bound in proximity to the QD. 15 This result formed the basis for a protease sensor that signaled the hydrolysis of peptide linkages between the QD and Ru 2+ -phen using the recovery of QD PL. 15 Subsequent work demonstrated that the assembly of Ru 2+ -phen-labeled peptides to eight different colors (i.e., sizes) of QD could create a dense, spectralmultiplexing system across the visible spectrumsomething that would not be possible with a single so-called dark quenching acceptor and reliance on FRET.
14 All of these studies serve to highlight the strong potential that QD−Ru 2+ -phen interactions have for developing new types of biosensors; however, this proof-of-concept work is primarily empirical, and a detailed understanding of charge transfer quenching mechanisms in these complex QD−biomolecular−nanocrystal composite materials still remains to be achieved. As such, QD biosensors based on charge transfer quenching are currently designed without the predictive and rational design capabilities associated with FRET-based configurations.
In this work, we evaluate the underlying electrochemistry and excited state dynamics between aqueous CdSe/ZnS core−shell QDs and Ru 2+ -phen coupled through a peptide linker (see Figure 1) . A previous study of this configuration was limited to characterizing the quenching of QD PL intensity and changes in the PL excited state lifetimes on the nanosecond time scale. 15 Although useful for demonstrating the overall effect of assembling Ru 2+ -phen with QDs, these experiments offered limited mechanistic insight. While ultrafast spectroscopy techniques have been used in more detailed physical studies of charge transfer with QDs, 23,24,26,29−33 these prior studies have been primarily nonbiological in nature, emphasizing energy conversion instead of sensing applications. In these instances, the redox active moiety has almost always been physisorbed directly to the surface of a core-only, ligand-coated QD, more oftentimes in organic rather than aqueous solvent. To gain further insight into a biologically relevant configuration, we used femtosecond transient absorption spectroscopy (FSTA) with steady-state and time-resolved PL spectroscopy to study the aqueous charge transfer quenching of core/shell QDs by peptide-linked Ru 2+ -phen. In particular, we examine the charge carrier dynamics and directionality that lead to the quenching of QD PL when Ru 2+ -phen-labeled peptide is assembled to the QD. Overall, we find that QD quenching requires the Ru 2+ oxidation state, consistent with a charge transfer mechanism, and that shell thickness around the core QD is a significant determinant of quenching efficiency. The FSTA data also show that exciton quenching is a rather slow process, consistent with other QD conjugate materials that undergo hole transfer.
EXPERIMENTAL SECTION
2.1. Reagents. CdSe/ZnS core−shell QDs with peak PL at 550 and 580 nm (QD550 and QD580) were synthesized as described previously 34, 35 and made water-soluble with a poly(ethylene glycol) (PEG; MW ∼750 Da) appended derivative of dihydrolipoic acid (DHLA) terminating in a methoxyl group (DHLA-PEG, see Figure 1B) . 36 A maleimide derivative of ruthenium(II)−phenanthroline (Ru 2+ -phen) was synthesized as described previously. 28 All experiments were done in phosphate-buffered saline (PBS; 10 mM phosphate, 137 mM NaCl, 3 mM KCl, pH 7.4).
2.2. Peptide Labeling. The peptides used in this study are listed in Table 1 and were synthesized using standard in situ neutralization cycles with Boc-solid-phase peptide synthesis (Boc-SPPS). 37, 38 Peptides were labeled with Ru 2+ -phen maleimide, purified, desalted, quantitated, and lyophilized for storage following a protocol described in detail elsewhere. 15 ). The solution was left at room temperature for 10 min before adding 300 μL of 200 mM phosphate buffer (60 μmol phosphate), upon which the solution became cloudy. This mixture was centrifuged at 5000 rcf for 2 min to give a yellow-brown pellet. The supernatant was collected, centrifuged again, and recollected. The precipitate consisted of a mixture of highly insoluble CePO 4 and Ce 3 (PO 4 ) 4 , which have pK sp values >25. 40−42 Thus, addition of phosphate was a convenient means to remove to the Ce 4+ from the peptide solution to avoid its potential oxidative effects upon peptide assembly with the QDs. While ceric ammonium nitrate is known to oxidize tryptophan and tyrosine, 43 these residues were absent from the peptides in Table 1 , and thus no modifications of the remaining amino acid residues were expected. Gel electrophoresis was used to confirm that the P1(Ru 3+ ) still self-assembled to the QDs (data not shown). QD conjugates with P1(Ru 3+ ) were prepared as described below for P1(Ru 2+ ). 2.4. Ground State Absorption and PL Intensity Measurements. Ground state absorption measurements were made using an Agilent 8453 diode array spectrophotometer and quartz cuvette with a 1.00 cm path length. PL intensity measurements were acquired with peptide-linked QD−Ru 2+ -phen conjugates at a concentration of 0.18 μM using a Tecan Infinite M1000 dual monochromator multifunction plate reader equipped with a xenon flash lamp (Tecan, Research Triangle Park, NC). The excitation wavelength used was 400 nm, corresponding to an absorption minimum for Ru 2+ -phen (see Figure 2) . The conjugates were prepared by mixing 18 pmol of QD550 or QD580 (unless otherwise indicated) with the desired equivalents of Ru
2+
-phen-labeled peptide in 100 μL of PBS and allowing the mixture to stand in a 1.5 mL microcentrifuge tube at room temperature for 1 h prior to aliquoting into a microtiter well plate (or cuvette) for spectroscopic measurement. Table 3 for n values used. 
2.6. PL Lifetime Measurements. QD PL decays were fit with a biexponential function, eq 2, and the amplitude-weighted lifetime calculated using eq 3.
45,46
(2)
2.7. FSTA Spectroscopy Experiments. FSTA spectroscopy measurements of QD550 and QD580 were done using photoexcitation at 420 nm in a manner similar to that described previously. 45, 46 QDs (0.5−2.0 μM) were mixed with 40 equivalents of P1(Ru 2+ ) in PBS. Control samples included solutions with only QD550 or only QD580 (0.5−2.0 μM) and solutions with only P1(Ru 2+ ) (500 μM). Experiments with lower concentrations of P1(Ru 2+ ) had poor signal-to-noise ratios, particularly in the red region of the spectrum. Samples for FSTA were prepared fresh each day, and the data are an average of three replicates. Some analysis was done using single value decomposition (SVD) with global fitting using Ultrafast Systems LLC software.
The FSTA Instruments were based on a commercial amplified Ti:sapphire laser system (1.7 kHz; Spectra-Physics Mira Oscillator and Spitfire Pro Amplifier) housed at the Center for Nanoscale Materials at Argonne National Laboratory or at the Center for Functional Nanomaterials at Brookhaven National Laboratory. A small amount of the amplifier output was used to generate the white light continuum probe, and the remaining 95% went through an optical parametric amplifier (OPA) to produce 420 nm excitation pulses at 0.7 μJ/pulse. The data were collected through a Helios spectrometer (Ultrafast Systems). The probe was delayed relative to the pump on a mechanical delay line, and the pump beam was chopped at half the repetition rate of the laser so that the absorption change (ΔA) could be measured as a function of delay time, where ΔA = −log(I pump+probe /I probe ). The data were chirp-corrected using a solvent blank to within 100 fs over the spectral acquisition range (440−770 nm). The samples were placed in a 2 mm quartz cuvette and stirred during the acquisition. The widths of the pump and probe pulses were ca. 120 fs. The transient absorption changes at a particular probe wavelength, as a function of time, were analyzed by fitting the kinetics with a multiexponential model convoluted with a Gaussian instrument response function having a 200 fs full-width-at-half-maximum (fwhm).
2.8. Fluorescence Upconversion. QD PL quenching on the subnanosecond-to-nanosecond time scale was also confirmed using time-resolved PL upconversion (uPL) experiments at the ultrafast laser user facility at the Center for Functional Nanomaterials at Brookhaven National Laboratory. Conditions for analyzing the QD580 with Ru include a 420 nm pump, 0.6 μJ/pulse in 1x PBS with emission detected at 565 nm.
2.9. Simulating QD−Peptide Structures. Model peptides with the same sequences as Pro n (Ru 2+ ) and Aib n (Ru 2+ ) were constructed using the structure building tools in UCSF Chimera version 1.4.1. 47 For the polyproline peptides (n = 0, 3, 6, 12, or 18), the peptide models were constructed based on previous work. 48 For the poly(2-aminoisobutyric acid) (Aib) peptides (n = 0, 3, 6, or 9), a similar approach was taken starting with the coordinates of available Aib n structures in the Protein Data Bank (www.rcsb.org). Energy minimization was carried out in Chimera using built-in features including ANTECHAMBER version 1.27 and the AM1-BCC method of calculating charges. 49 The polyproline helix was folded into a type II helix with φ/ψ angles of −75°/150°. 50 The Aib n helix was folded into a 3 10 helix with φ/ψ angles of −49°/−26°. Some representative structures derived during this modeling process are shown in the Supporting Information (SI).
RESULTS
3.1. QD PL Quenching. Figure 2 shows the ground state absorption spectra of QD550 and QD580, which have first exciton peaks (corresponding to band edge transitions) at 530 and 562 nm, respectively, and P1(Ru 2+ ), which has an absorption maximum at ∼490 nm. The Ru 2+ -phen complex has only a very small absorption cross-section as compared to the QDs, and the significant differences in concentration between Ru 2+ -phen and QD species utilized in Figure 2A amply illustrate this difference (i.e., the Ru 2+ -phen is ∼140 times more concentrated than QD in that plot). On average, the QD550 has a 4.5 ± 0.7 nm diameter (2.5 nm diameter CdSe core and a 1.0 nm thick ZnS shell), while the QD580 has a 4.8 ± 0.8 nm diameter (3.3 nm diameter CdSe core and a 0.7 nm thick ZnS shell), as extrapolated from the synthetic conditions and TEM micrographs (average of >100 QDs with standard deviations of ±15%; see Figure 2 ). Figure 3 shows PL emission spectra for the QD550 and QD580, highlighting a progressive quenching response as the number of assembled P1(Ru 2+ ) per QD increases. The QD−P1(Ru 2+ ) conjugates were excited at 400 nm, which minimized optical excitation of the Ru 2+ -phen. Interestingly, these two QD materials exhibited different trends in their quenching, with the QD580 being quenched more strongly than the QD550. The data in Figure 3 were fit to eq 1 to determine the relative quenching rates, k q τ 0 . Measurement of the QD PL lifetimes then permitted extraction of the quenching rate constants, k q . The QD550 and QD580 PL decays (data not shown) were fit with a biexponential decay, and the amplitude-weighted average lifetime was taken as τ 0 . The QD PL decay constants and the quenching rate constant for P1(Ru 2+ ) are listed in Table 2 for each of the native QD samples. The P1(Ru 2+ ) quenches the QD580 ca. 20-fold more efficiently than QD550, with a rate comparable to the intrinsic excited state decay rate of the QD580 (1.1 × 10 8 s
−1
). Although much slower charge transfer quenching was observed with the QD550, its intrinsic decay rate (8.6 × 10 7 s −1 ) was similar to that of the QD580, and the degree of this quenching can be seen in Figure 3B . The latter value is suggested to be dominated by the QD's much slower and less prominent lifetime component in a complex manner.
Similar to our initial findings, 15 analysis of the PL spectra revealed that both QD550 and QD580 exhibited PL quenching that was independent of the emission wavelength (see SI, Figure S1 ). The QD580 (full width at half-maximum, fwhm = 32 nm) exhibited only a <2% relative standard deviation (RSD) in wavelength-dependent quenching efficiency within ±30 nm of the peak PL. The QD550 (fwhm = 27 nm) exhibited a slightly larger RSD of ca. 10%; however, this can be attributed to the effect of instrumental noise in conjunction with the lower overall quenching efficiencies compared to the QD580. Importantly, the slopes of the lines of best fit for the wavelength-dependent quenching efficiencies were insignificant: 0.03 ± 0.01% and 0.03 ± 0.04% for the QD580 and QD550, respectively. Wavelength-dependent QD quenching would provide evidence of underlying spectral overlap with a proximal acceptor, and this, in turn, would be indicative of FRET-based energy transfer processes. ). This would help confirm whether the Ru center was acting as an electron donor or acceptor by chemically changing its ability to perform this function. This, in turn, could also provide evidence for the directionality of charge transfer. Conversion of the P1(Ru ; the small discrepancy with the value in Table 2 is attributed to a different batch of DHLA-PEG coating, as discussed later).
3.3. Effect of Changing the Peptide Linker Length. In a final set of steady-state quenching experiments, we investigated the effect of peptide length on the charge transfer quenching rate constant. Polyproline (Pro n ) and poly(2-aminoisobutyric acid) (Aib n ) peptides were used for this purpose and assembled with QD580 at average ratios varying from 0 to 18. The quenching rate constants are listed in Table 3 . The quenching rate peaked at n = 3 for both the Pro n (Ru 2+ ) and Aib n (Ru 2+ ) and generally decreased for higher values of n. However, the quenching rate did not exhibit an exponential decrease as the peptide length increased, as might be expected a priori.
3.4. FSTA Experiments. Transient absorption (TA) measurements of QD550, QD580, and their P1(Ru 2+ ) conjugates are summarized in Table 4 and Figure 5 . The TA spectra of the QD550 and QD580 showed similar ground state ) per QD. The slightly negative quenching efficiencies at low numbers of P1(Ru 2+ ) per QD550 are due to a small increase in the QD quantum yield as peptide is assembled before quenching by the Ru 2+ -phen becomes significant. This phenomenon is often seen with the assembly of proteins onto the QD surface and is believed to arise from surface passivation effects. recovery kinetics with nearly 30−40% of the initial excited state population decaying biexponentially within 100 ps. The remaining 60−70% of the decay was a long-lived component with an average lifetime of 6 ns, which approached the longest lifetime that could be measured by the TA systems. Interestingly, the amplitude-weighted excited state lifetimes for the QD550 and QD580 were indistinguishable, and the differences between the individual decay components were within the uncertainty of the experiment. Furthermore, the lifetimes of the ground state bleach were wavelength dependent. A similar observation was made by Burda et -phen moiety coupled to a peptide linker which, in turn, could be reliably and controllably self-assembled to the QDs. The P1 peptide sequence, C·SGAAAGLS·HHHHHH, is shown as divided into three functional modules: the N-terminal cysteine residue provided a unique thiol group for labeling with Ru-phen maleimide and acts as the linker between these disparate entities; the intermediate SGAAAGLS sequence functioned as a spacer that was able to pivot on the flexible GLS portion; and the C-terminal hexahistidine (His 6 ) assembled and anchored the peptide to the QD (Figure 1 ). His 6 -appended peptides, proteins, and even oligonucleotides can self-assemble, via 
±26%
a QD surface to Ru center estimated from structural modeling as described in the Experimental Section. b The data for Aib 9 are poorly fit by eq 1, thus approximate minimum, maximum, and average distances for the QD−Ru 2+ -phen separation were also considered. c Estimated uncertainty based on fitting of quenching data with eq 1. Fits are in SI. 40 35.0 ± 8. spontaneous metal-affinity coordination, to the ZnS surface of CdSe/ZnS QDs functionalized with a variety of coatings. 37,52−54 The binding interaction is characterized by rapid assembly (seconds to minutes), a high affinity equilibrium binding constant (K a ∼ 1 × 10 9 M −1 ), control over the number of biomolecules assembled per QD (i.e., conjugate valence) on the basis of stoichiometry, and at least some control over their orientation. 37,52−54 Here, the His 6 sequence binds to the QD surface, while the GLS can adopt a conformation that extends the rest of the peptide sequence away from the QD surface and into the surrounding layer of PEG ligands. The His 6 also provided another critical function in that it allowed for facile purification of labeled peptide using immobilized metal-affinity chromatography (IMAC). 39 The other peptides used in this study were the helix-forming Pro n and Aib n sequences, 55, 56 which offer some ability to incrementally control the distance between the QD and Ru 2+ -phen. This arises as the helices for both motifs are predicted to be quite rigid and should minimize bending of the peptide toward the QD surface. Furthermore, the use of a bulky PEGylated surface ligand will also contribute in a steric manner toward directing the peptides away from the QD surface. Indeed, this rationale has been used before successfully with QD−peptide bioconjugates. 48 It is important to note, however, that this still does not completely preclude some peptides assuming bent or otherwise altered conformations which could affect charge transfer. As shown in Figure 1A , the conjugation of the Ru 2+ -phen to the QDs using the His 6 -terminated peptide is expected to result in a centrosymmetric arrangement or display of the Ru-phen around the QD (albeit that the peptide should have some conformational freedom). 57 Comparison of this peptide to similar sequences used in a prior FRET study suggests that the P1 peptide assembly places the Ru 2+ -phen ca. 34−37 Å from the QD surface. 57 The distance is within the linear extension of the DHLA-PEG ligands on the surface the QD. Previous work has also shown that QDs of similar size, and functionalized with DHLA-based ligands, can display a maximum of ca. 50 ± 10 His 6 -terminated peptides. 58 Here, we use an average of ≤40 peptides per QD, which, although slightly below saturation, is still sufficient to elicit a significant QD quenching response.
It is also important to note that the Ru atom interaction with the phenanthroline moiety is considered a coordination metal complex with coordinate covalent bonds. The coordinate covalent bond is a chemical bond in which both bonding electrons are from the ligand, and such phenanthroline complexes are considered very stable. 27 Our initial work also demonstrated that the free Ru-phen complex has a very small direct interaction with the PEGylated QDs utilized here due to electrostatic interactions, 15 and this interaction could be counteracted by the presence of NaCl in PBS as done here. From a practical standpoint this means that, at the experimental concentrations utilized here, the Ru-phen complex does not significantly contribute to QD quenching via direct physical interactions with the QD surface, nor will the Ru atom dissociate from the phenathroline complex which cumulatively alleviated our concerns about these issues. 
Energy Levels of Ru
2+ -phen and QDs. We have previously measured the cyclic voltammograms of CdSe/ZnS QDs coated with DHLA-PEG ligands and found a broad, irreversible oxidation peak at E ox 0 = 0.22 ± 0.2 V (vs Ag/ AgCl). 15 A prior estimate also places the conduction band and valence band edges of the QDs between −1.1 to −1.2 V and 0.8 to 0.9 V (vs Ag/AgCl), respectively. 15 A cyclic voltammogram for the Ru 2+ -phen is shown in the SI ( Figure S5 ) and exhibited two broad irreversible reduction peaks with cathodic peak potentials (E pc ) centered at −1. -phen. In our previous study, the peptide-linked assembly of metal complexes with oxidation potentials intermediate to the expected band edges, but also lower in energy than the oxidation levels of the QD (e.g., ferrocene), did not cause quenching of QD PL. 15 These oxidation states, which are thought to correspond to surface states, are critical for charge transfer quenching.
4.3. Quenching Efficiencies. The quenching of QD PL via Ru 2+ -phen-labeled peptides has been previously attributed to electron transfer from the Ru 2+ to the QD with the suggestion of concomitant hole transfer from the QD. 15 This mechanism of charge transfer was inferred from ground state absorption spectra and consideration of the redox levels for the QD and Ru 2+ -phen. In general, charge transfer quenching efficiency was observed to increase with decreasing QD size and with a greater average number of Ru 2+ -phen per QD. Not surprisingly, surface ligand character also appeared to significantly influence the quenching behavior as well. 15, 59 Here, we again observed that quenching efficiency increased as the number of proximal Ru 2+ -phen displayed around the QD increased. However, we also observed that two QDs of similar size (4.5 ± 0.7 nm diameter for core/shell QD550 and 4.8 ± 0.8 nm for QD580) and modified with the same surface ligands can manifest vastly different quenching efficiencies: CdSe/ZnS QD580 had a quenching rate constant of k q ∼ 8 × 10 7 s −1
, which was an order of magnitude larger than the k q ∼ 4 × 10 6 s −1 associated with CdSe/ZnS QD550 and the same peptide, P1(Ru 2+ ). The QDs had comparable PL lifetimes, measured as ∼9 ns (QD580) and ∼12 ns (QD550), identical quantum yields (14%), and neither exhibited any significant defect emission. The discrepancy between the QD550 and QD580 quenching efficiencies, despite their similar macroscopic PL properties, suggests that the structure of the QD interface is critically important in determining charge-transfer-based quenching efficiency. One such difference here was that the QD580 samples had a shell 0.3 nm thinner than the QD550. Given that the shell is expected to be one of the principal impediments to charge transfer between the Ru 2+ -phen and QD core, it appears that angstrom-scale changes in shell thickness, or more uniform coverage that appears as a thicker shell, can cause significant changes in the rate of charge transfer in these samples. In support of this hypothesis, Zhu et al. have reported that the rate of electron transfer from CdSe/ZnS QDs to an adsorbed dye, in a hydrophobic system, has an exponential dependence on the shell thickness. 60 In contrast to the putatively strong influence of ZnS shell thickness, the distance dependence of the quenching effect arising from just peptide extension alone appears to be rather modest, despite charge transfer quenching occurring over QD surface-to-Ru 2+ -phen distances that are estimated to vary between ca. 25 and 80 Å for the Pro 0 through Pro 18 peptides, respectively. The Aib n series of peptides are chemically different from Pro and are expected to allow the Ru 2+ -phen to maintain a slightly closer approach to the QD surface. However, it is important to note that through-bond charge transfer from
The Journal of Physical Chemistry C metal centers across peptide structures can be quite complex with the possibility of different residues providing either neutral, conductive, or insulative properties. 61 The lack of significant quenching effects versus distance with these peptides may be more reflective of their inherent properties and environment or, alternatively, may reflect the more dominant role of shell size effects on charge transfer. Although certainly worthy of future study, the effect of the peptide sequences/ residues on charge transfer processes in these systems is beyond the current scope.
4.4. Evidence Against Resonance Energy Transfer. In our initial study, steady-state and time-resolved fluorescence on the nanosecond time scale was used to extensively study the quenching of QD PL with several metal complex−peptide conjugates that varied in oxidation potential including the current Ru-phen−peptides. 15 When QDs were assembled with redox active molecules that did not have favorable energy matching for charge transfer, only a minor amount of PL signal was quenched (<20%) with no change in the QD lifetime. Critically, it was shown that QD PL could only be efficiently quenched by the Ru-phen−peptide, the only complex with a favorable energy level match to the QD donor.
The results in Figure 4C , which show that Ru
3+
-phen does not elicit any significant quenching effect when brought into proximity of the QD, unambiguously demonstrate that a Ru 2+ center is required to quench QD PL. The HOMO electron of ground state Ru 2+ -phen is thus integral to the quenching mechanism. This result is consistent with the previously posited mechanism for hole transfer from the QD 1S h state to the Ru 2+ -phen (i.e., electron transfer from the Ru 2+ -phen HOMO). However, as shown in Figure 4A , the oxidative transition between Ru 2+ -phen and Ru 3+ -phen also changes the absorption spectrum of the complex, potentially resulting in a change in the spectral overlap integral relevant to a FRET mechanism of quenching; the latter process has recently been reported for similar QD−peptide bioconjugates labeled with Os 2+ complexes and C 60 . 45, 46, 62 In the current example, the overlap decreases from 2.2 × 10 −11 and 1. -phen are between 10-and 100-fold smaller than those observed for typical QD−dye FRET pairs. 63 To obtain a FRET efficiency of ∼75% with 4 P1(Ru 2+ ) per QD, the Ru 2+ -phen would need to be located ∼3.0 nm from the center of the QD, which is not physically possible with the QD580 (core radius ∼3.3 nm from TEM, plus a 0.7 nm thick shell). Further, the quenching rate for P1(Ru 2+ ) with the QD550 should be 20% larger than with QD580; however, this was not observed, and neither QD exhibited wavelength-dependent quenching efficiency when conjugated to and quenched by the Ru 2+ -phen, as would be expected for FRET. 46, 51 Indeed, wavelengthdependent quenching can be considered a hallmark of QD quenching by FRET. 46, 51 A preliminary conclusion to the same effect was also reached in our previous examination of QD− Ru 2+ -phen interactions. 15 Given the foregoing, a FRET mechanism of quenching can be conclusively ruled out.
Cumulatively, quenching appears to be through electronic interactions between Ru-phen−peptide and the linked QD, and in conjunction with the above, hole transfer from the QD to the Ru 2+ -phen therefore becomes a more probable mechanism of quenching.
4.5. FSTA Experiments. The excited state dynamics of CdSe and CdS QDs have been previously examined under various conditions and solvents using TA spectroscopy. 13, 29 Direct photoexcitation of the QD results in a ground state bleach of the 1S state and the corresponding intraband electronic transition in the visible region. The time scale of this process is on the order of hundreds of femtoseconds with a multiexponential recovery that is attributed to conduction band filling and surface trapping of charges that persist on the nanosecond to microsecond time scale. 29, 64 Changes in TA spectra and dynamics can sometimes provide evidence for charge transfer. For example, electron transfer from QDs to an adsorbed viologen dye was identified through near complete bleaching of the QD's band-edge TA signal and parallel observation of a spectral signature for the reduced form of the adsorbed dye. 12 Hole transfer from QDs to adsorbates has been more difficult to identify from TA spectra, relying on spectral signatures from the oxidized adsorbate, 31, 32 because the QD TA spectra reflect conduction band electron dynamics that are not involved in the initial transfer. However, a state-resolved approach has been described by Kambhampati and co-workers that resolves dynamics through selective state pumping and probing. 65 When QDs are photoexcited directly into specific states, the electron relaxation dynamics, hot exciton relaxation dynamics, and transitions from first excited states for holes and electrons can be resolved. More recently, time-resolved PL experiments in conjunction with TA have provided insight into hole dynamics indirectly. For example, Sykora et al. reported that the PL of hydrophobic CdSe QDs coated with trioctylphosphine oxide and adsorbed Ru−polypyridine complexes are quenched through hole transfer from the QD to the Ru−polypyridine complex. 26 This conclusion was arrived at through both FSTA studies of the charge carrier dynamics and time-resolved PL upconversion (uPL) experiments. The carrier dynamics were characterized by a 5 ps depopulation of the QD hole states; 26 however, the distance between the QD and adsorbed Ru−polypyridine complex was extremely small and was not varied.
Here, the confounding issue is that the TA spectra showed no features that could be unambiguously attributable to the oxidized (Ru 3+ ) or reduced (Ru 2+ ) Ru-phen complex. Despite the strong structural similarities to Ru 2+ complexes with 2,2′-bipyridine ligands, the spectra of 1,10-phenanthroline (phen) excited 3 *MLCT states as bis-and tris-phen ligands have not been easily observed under normal light intensities. 66, 67 The TA spectrum of the Ru 2+ -phen-labeled peptide alone, shown in SI Figure S3 , exhibits a positive transient feature between 550 and 700 nm. This absorption has a biexponential decay (τ 1 = 16 ps and τ 2 = 700 ps), where the 700 ps decay matches the monoexponential recovery of the ground state bleach at 472 nm. Comparing the TA spectra between the QD580 alone and its assembly with Ru 2+ -phen, small spectral differences in the ground state bleach were observed, which were then analyzed by single value decomposition (SVD) with global fitting to reveal a 5 ps component that corresponded to the Ru 2+ -phen ground state bleach at 472 nm (see Figure S4 , SI). It is likely that direct photoexcitation of Ru 2+ -phen at 420 nm leads to a minor population of 3 *Ru 2+ -phen. In experiments with QDs, the Ru-phen-labeled peptide concentrations were below 100 μM, and at this concentration they would have contributed <5% of the total signal at 530 nm, a value that is essentially negligible. The TA spectrum of the QD580-P1(Ru 2+ ) assemblies showed a positive absorption feature (ΔA ∼ 10 −3 ) between 550 and 700 nm. The TA spectrum for the QD550-P1(Ru 2+ ), however, shows no such feature within the −peptidyl complexes. 46 Within the QD550−Ru-phen assemblies, charge transfer occurred after photoexcitation with a recovery half-life of τ 1/2 = 1.3 ns in contrast to the τ 1/2 = 383 ps for the QD580−Ru-phen assemblies. Interestingly, the QD580 PL was quenched more strongly than the QD550 PL and exhibited a faster recovery. The QD bleach kinetics, however, only provide insight into the dynamics of conduction band state electrons and do not reflect hole dynamics. 65 Retention of the QD bleach suggests no substantial conduction band electron dynamics occur on the ultrafast time scale. Previously, Huang et al. found that CdSe QDs with adsorbed Re(CO) 3 Cl(dcbpy) (dcbpy = 4,4′-dicarboxy-2,2′-bipyridine) (E red 0 = −1.0 vs Ag/AgCl) undergo photoinduced electron transfer from the conduction band of the CdSe QDs to the Re complex with τ 1/2 = 2.3−1000 ps depending on core size. 32 This analysis was based on fitting the QD ground state bleach kinetics. Since the electronic absorption of the Ru 3+ -phen was not observed in TA spectra, the lifetimes of electron transfer and ground state recovery were estimated from the kinetics of the spectral bleaching traces recorded between 520 and 560 nm for the Ru 2+ -phen assembled to the QD550 and QD580. This region corresponded to the maximum QD bleach, with minimal contribution from the Ru 2+ -phen ground state. Again, we note that extensive time-resolved fluorescence data were collected in our initial report on the nanosecond time scale when a significant population of the excited state has been quenched. 15 This explains why a smaller population of quenching of the QD exciton state is observed by the femtosecond transient absorption experiments here. QD PL quenching on the subnanosecond-to-nanosecond time scale was also confirmed using time-resolved PL upconversion (uPL) experiments. Figure 6 shows a rather slow quenching process, and the rate of this quenching lies on a time scale that is not accurately measured because of the TA and uPL delay tracks. Using Figure 6 , the QD PL is quenched by 43% on the 0.9−4.0 ns time scale. The results observed here are consistent with the slower dynamics expected when the distance of the QD and Ru-phen−peptide is lengthened. In contrast, the aforementioned studies by Sykora measured the charge transfer dynamics using uPL and FSTA on QDs with electrostatically adsorbed Ru−polypyridine complexes and reported a 5 ps uPL decay. 26 
CONCLUSIONS
In summary, we build from our previous reports demonstrating the quenching of QD PL by proximal, peptide-linked, Ru 2+ -phen complexes.
14,15 Although a charge-transfer process was implicated, we were unable to unambiguously define the mechanism or stipulate the directionality of electron and/or hole transfer. Here, we contribute more to the understanding of QD quenching by this charge transfer process. First, we find that resonance energy transfer can be conclusively ruled out as the mechanism of quenching. -peptides of differing persistence length, suggests that shell thickness is a most critical determinant of charge transfer rates in these assemblies. This observation, in conjunction with our earlier observations that QD surface coating (i.e., negatively charged DHLA versus neutral DHLA-PEG) contributed to observable differences in Ru 2+ -phen charge-transfer-based processes, 15 suggests that the interfacial environment of the QD strongly influences charge transfer quenching efficiency. This result is not unexpected given the growing literature describing such phenomena. 59,68−70 The QD interface, especially in an aqueous buffer, is a complex environment with the possibility of both major and subtle contributions from crystal facets, shell coverage, ligand densities, and solvation, along with other complicating factors such as localized pH gradients at the QD surface. FSTA and uPL analysis reveals that the rate of QD quenching is slow on the ultrafast time scale and occurs in the nanosecond rather than picosecond regime. This analysis is, however, complicated by the lack of an unambiguous spectroscopic signal from the Ru 2+ -phen. Interestingly, these findings are mechanistically similar to those reported by Huang et al. for CdSe QDs interacting with an adsorbed Re compound. 32 This is also consistent with the rate of hole transfer in other QD assemblies including those described in refs 25 and 71. We do note that our system is more complicated than many others because it was constituted in the high-salt, aqueous environment typically needed for biosensing. Further experiments will focus on pairing differently functionalized QDs with Ru 2+ -phen and other redox-active metal complexes in a similar environment to try to elucidate the contributions of the solubilizing ligands and localized environment.
A mechanistic picture of the charge transfer quenching of biologically relevant, core/shell QD bioconjugates with Ru 2+ -phen may provide a means of creating QD probes that have improved sensitivity and greater versatility for detecting a more diverse range of biological processes and analytes or, alternatively, that respond to biochemical redox stimuli rather than biomolecular interactions. 61 Determining the direction of charge transfer and identifying the states involved remains critically important to this endeavor as it may enable the design of systems where charge transfer is "intercepted" by species in biologically relevant redox pathways, resulting in light-up sensors that transduce, for example, cellular metabolism. The detection and visualization of redox pathways in biological systems still remains exceedingly challenging. 72, 73 As noted, QDs are already well developed for fluorescent cellular and small animal labeling 74−76 and for FRET-based sensing. 8−11 When better understood, charge transfer interactions with QDs may add a new dimension to such sensing and imaging applications and open up new avenues for probing biological systems.
